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Abstract

Iridium oxide (IrOx) films formed electrochemically on the surface boron doped diamond electrode by potential cycling in theGa&nhge
to 1.2V from a saturated solution of alkaline iridium(lll) solution. A strongly adherent deposit of iridium oxide is formed after 5-10 potential
scans. The properties, stability and electrochemical behavior of iridium oxide layers were investigated by atomic force microscopy and cyclic
voltammetry. The boron doped diamond (BDD) electrode modified with electrodeposition of a thin film, exhibited an excellent catalytic activity for
oxidation of Hg(l) over a wide pH range. The modified electrode shows excellent analytical performance for Hg(l) amperometric detection. The
detection limit, sensitivity, response time and dynamic concentration ranges are 3.2 nMWKRFRAL00 ms and 5nM-pM. These analytical
parameters compare favorably with those obtained with modern analytical techniques and recently published electrochemical methods.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Simple methods are highly required for rapid measurements
of trace levels of mercury in industrial process control. Electro-
Mercury is present as a trace contaminant in all environchemical detection offers several advantages, including remark-
mental compartments as a result of both natural and anthr@ble sensitivity, inherent miniaturization and portability, inde-
pogenic activities. Determination of trace levels of this elemenpendence of optical path length or sample turbidity, low cost,
in the environment is a highly important, yet challenging anadow power requirements and high compatibility with advanced
lytical problem. To determine the environmentally toxic tracemicromachining technologies. Because of the simple procedure
levels of mercury, highly sensitive and selective methods neednd high sensitivity of electroanalysis and electroactivity of
to be developed. Spectroscopic techniques such as cold vapmercury, studies of measurement of mercury with electrochemi-
generation (CVG) followed by atomic absorption spectrome-cal methods were carried out. Various electrochemical methods
try [1], cold vapor atomic fluorescence spectromé¢iy liquid have been applied to the determination of mercury, and sig-
chromatography-inductively coupled plasma mass spectrometmificant improvements in both sensitivity and selectivity were
[3], capillary zone electrophoresis-inductively coupled plasmagained by using chemically modified electrodes.
mass spectrometfg] and plasma atomic emission spectroscopy Several electrodes including a glassy carbon electrode mod-
[5] have been used successfully for detection of mercury. Theséed with 2-mercaptobazimidazo[6], carbon paste electrode
methods generally have good sensitivity, reproducibility and camodified with silica particle§7], carbon paste electrode mod-
meet practical requirements. However, they require expensivified with thiolic resin[8], polymeric membrane ion selective
instruments, well-controlled experimental conditions, sampleslectrode[9], modified screen printed electrod#0], anodic
making and relatively large sample volumes for analysis. Alsostripping voltammetry at the rotating gold electr¢tiz], amper-
they are not suitable for on-line monitoring. ometric detection by formation of complexes with I-tyrosine at
the surface GC electrodé2] and other electrodes have been
used for measuring mercufi3]. Unfortunately, most of the
* Corresponding author. Fax: +98 871 6660075. modified electrodes used for mercury detection have certain
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fer mediators and poor long term stability. Furthermore, theifrom KslIr(Cl)s. A 1 mM solution of Kglr(Cl)g in 0.1 M HCl is
preparation methods are more expensive and difficult and théissolved by heating at 10C for 2 h. The second step in the
irreversible adsorption behavior renders the routine analysis difpreparation of deposition solution is the formation of iridium(l11)
ficult. Also, some of them are not sensitive enough for reabxide from Ir(H,O)>Cls~ with added base based according to
sample analysis. Hence, it is pertinent to explore and develofollowing reaction:
different electrode surfaces for mercury detection.

The use of boron doped diamond as a robust electrode suh(Hzo)zcu—'\ﬂanog . xH,0 (1)
strate is well established due to its wide potential window in
aqueous solutiorfd 4], low background currenfd5], longterm  Prior to the addition of base, oxygen must be removed because
stability and low sensitivity to dissolved oxyg¢h6]. Boron  the iridium(lll) oxide is unstable in the presence of oxygen
doped diamond (BDD) has recently been utilized electroanaf28]. After removing the oxygen from the acidic solution
lytically as a suitable electrode substrate for determination 0éf, Ir(H,O),Cls~ the pH of solution was raised to 10.5 by
several metals such as Af7], Pb [18], Cu [19]and Mn[20].  adding anhydrous potassium carbonate, and this solution used
Differential pulse anodic stripping voltammetry at the surfacefor the deposition of iridium oxide onto the BDD electrode
of the BDD electrode has been used for detection of mercury(liyurfaces.
[21]. The Hg?* ion has been determined at the surface of the
BDD electrodes by differential pulse voltammetry, and square2 2 A
wave voltammetry at the surface BDD electrode that it was con-""" pparatis

ditioned at 1.5 [22]. Cyclic voltammograms were recorded using an Autolab

Although mercury species have been determined SucceSSfu:%odular electrochemical system (ECO Chemie, Ultrecht, The

at the surface of BDD electrodes but these methods cannot . . .
used for rapid measurements of trace levels of mercury speciesetherlands) equipped witha PSTA 20 module and driven GEPS

and other cations can be reduced withHgon over the range of software (ECO Chemie) was used for amperometric and voltam-

. : . OImetric measurements. A BDD electrode (BDD, DeBeers Indus-
potential used. The analytical properties of BBD electrodes mo v Diamond Division Ascot. subplied via Windsor Scientific
ified with electron transfer mediators can be improved. Recentl y » Supp '

ySIough, UK) is modified with electrodeposition of iridium oxide

the application of BDD electrodes modified with oxide layers Of(prepared as follows) was used as the working electrode; a plat-
metals such as Ag, S, Bi and Pb have been repg o um wire and saturated calomel electrode (SCE, Radiometer,

. . . . |
Considering the fact that IrOx films are stable, reversible an
: ! .. __Copenhagen) were used as the counter and reference electrodes,
a good electron transfer mediator, it can be used for modifica-

tion of different electrode surfaces. The BDD electrode modifie e;geﬁt_i:;%'n;hea;o;?ggg.iifhkeeleocrﬁ:ggg ch)thEEP(ﬁ n:r? aTCrTfllem-
with iridium oxide layers has been used for detection of hydro- ' W ! W P ysl

gen peroxdie atlow positive potentjab]. Recently, we reported istry Laboratory of Oxford University. A personal computer was
the application of BDD electrodes modified with iridium oxide used for datg storage and processing. The BTDD film ele_ctrode
films for detection of ultra trace amount of As(I[37]. In the was housed in Teflon mounting with an electrical connection to
present study, the possibility of BDD electrode moaified Withthe reargr_aphite side made viaa brass r.o.ad, aFtagh_e.d using silver
iridium oxide ,film for electrocatalytic oxidation of H&" is epoxy resin. The BDD electrodes modified with iridium oxide

investigated. The analytical performance of modified electrod Ayers were chara'lc.tenzed by atomic fofce MICToScopy (AF.M)'
. . . . he AFM was a digital Instruments Multimode SPM, operating
respectively is described as an amperometric sensor for nanomo- . i .
; in ex situ Tapping Mode. A Methrom drive shaft was used for
lar detection of mercury. L i X .
stirring solutions during amperometric measurements of mer-
cury(l). The electrochemical measurements were carried out at
thermostated temperature of 2%.1°C. A personal computer

was used for data storage and processing.

2. Experimental
2.1. Reagents

All chemicals used were of analytical reagent grade and usedl Results and discussions
as received without further purification. Mercury(l), nitrate and
potassium hexachloroiridate(lll) were obtained from Aldrich. 3.1. Electrodeposition of IrOx at BDD electrode
The aqueous solutions were prepared using doubly distilled
deionized water, and solutions were deoxygenated by purg- Potential cycling was used in this study to form an iridium
ing with high purified argon gas. The electrochemical celloxide layer at the surface of working electrode. For this purpose
was kept under argon atmosphere throughout the experimentse potential was scanned betweed.2 and 1.2V versus SCE
Buffer solutions (0.1 M) were prepared fromp&iQy, HzP Oy, at 50 mVs1for 10 cycles in a solution of 0.1 mMif at a pH
CH3COONa and NgHPOy. For adjustment of pH solution, HCI  of 10.5. The currents on the consecutive scans increased (not
and KOH were used. The deposition solution of iridium wasshown) indicating formation of an electroactive deposit film of
prepared according to the two-step procedure reported by Bainidium oxide on the electrode surface. The oxidation of irid-
and Spaing28]. The first step in the preparation is the for- ium(lll) oxide and precipitate formation of iridium(lV) oxide
mation of the diaquotetrachloroiridate(lll) ion (Irg@)2Cls~)  films is known to be initiated electrochemically at the surfaces
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corresponding to the Ir(111)/Ir(1V) system. The ratio of cathodic

to anodic peak currents at various sweep rates was almost unity.
As shown in inset ofig. 2 the anodic and cathodic peak cur-
rents are directly proportional to the scan rate of potential as
expected for a surface confined redox pro¢28% The peak-to-
peak potential separations (a8 about 50.0 mV) for sweep rate
below 100 mV s. This suggests facile charge transfer kinetics
over this sweep range. The surface concentration of electroactive
species/’, can be calculated from the following equation:

I = Qo (3)

nFA
whereQ is the charge obtained by integrating the anodic peak
at low voltage scan rates and other symbols have their usual
meaning. After cycling the electrode 10 times in 0.2 mN'Ir
solution, the calculated surface coverage was found to equal
4 x 10~1%mol cmi~2. The stability and electrochemical proper-
ties of the modified electrode at different pHs have been reported
[27]. Since the electron transfer rate constant for this redox cou-
ple is about 2.4 [27], it can be used as an excellent electron
transfer mediator for electrocatalytic processes.

3.3. Electrocatalytic oxidation of mercury(I) on the IrOx
modified BDD electrode

Due to the chemical stability and electrochemical reversibil-
ity of iridium couple, it is widely used in electrocatalysis as
electron transfer mediator to shuttle electrons between analytes
and substrate electrodes. As mentioned above, BDD electrodes
modified with iridium oxide films had a very stable electrochem-
ical behavior at wide pH range, therefore they can be used as
Fig. 1. AFM images of clean polished BDD electrode (a) and BDD electrodeg sensor for analytical applications. One of the objectives of
modi.fied with iridium oxide film (b) (10 potential cycles in 0.1 mM deposition this work was to fabricate a modified electrode with capabil-
solution). . . . .

ity of the electrocatalytic oxidation of mercury(l). In order to
test electrocatalytic activity of the modified electrodes, cyclic
voltammograms were obtained in the presence of mercury(l) at
Ir203 - xH20 (ag)+ 20H™ — 2IrO, - xH20 (s)+ H20 + 26~ the surface of bare and modified BDD electrodég. 3shows
@) cyclic voltammograms for the electrooxidation of mercury(l) at
a bare and modified BDD electrode in buffer solution (pH 4).We
can see at the surface of a bare BDD electrode?Hig elec-

The modified electrodes were rinsed with distilled water,troinactive in the potential range 0.1-0.8 V. At the surface of a
and used for electrochemical measuremefig. 1 compares modified BDD electrode, upon the addition of 8,38 Hg»?*,
atomic force microscopy images of a polished BDD and a BDDthere is an enhancement of the anodic peak current. Thus, a
modified with an iridium oxide film. The figure indicates the decrease in overpotential and enhancement of anodic peak cur-
formation of a uniformly distributed thin film of iridium oxide rent for mercury(l) oxidation is obtained, indicating a strong

(b) “um

of working electrodes based on the following reac{i®8y:

particles deposited on the electrode surface. catalytic effect of IrOx modified BDD electrode. The anodic
response decreased slightly (10%) during 3 scans and remained

3.2. Electrochemical properties of IrOx modified boron stable and no shift of peak potential was detected even after

doped diamond 50 successive scans. The effect of aging on the performance of

the modified electrode was studied by repeating the experiment

Fig. 2 shows the cyclic voltammograms of BDD electrode after 2 weeks in 0.1 M phosphate electrolyte (pH 5) and the
modified with iridium oxide (10 potential cycles) in phosphate peak potential for mercury(l) oxidation remained unchanged. In
buffer solution (pH 4) at different scan rates. When the potentiahddition, only less than 7% diminution of the current signals

was scanned between 0.0 and 0.7V, we found a single, wellvas observed compared to the initial response. The stability
defined redox couple with a formal potential of 0.4V versusof the modified electrode and its catalytic activity for mercury
SCE, a low background current and low peak potential separaxidation was investigated by recording the cyclic voltammo-
tion. This is typical of a surface immobilized redox couple, andgrams of iridium oxide modified BDD electrodes before and
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Fig. 2. Cyclic voltammetry response of a modified BDD electrode in 0.1 M phosphate buffer solution (pH 4) at scan rates from inner to outer, 10, 15, 20, 25, 30, .
40, 45, 50, 55 and 60 mV'3. Inser (b and c): Plots of peak current vs. scan rate and square root of scan rates.

after using these electrodes in the presence of mercury(l). Aftegram currents for a pM mercury(l) at pH 4 for eight replicate
20 cyclings at scan rate of 20mVv5in a solution containing determination was <4%.
5uM Hg»2*, and recording cyclic voltammograms in the pres-  In order to optimize the electrocatalytic response of the modi-
ence and absence of mercury(l), the peak potentials remaindigd IrOx BDD electrode toward mercury(l) oxidation, the effect
unchanged and the currents decreased by less than 15% and 8%opH on the catalytic oxidation behavior was investigated. The
respectively. The reproducibility (RSD) of the cyclic voltammo- cyclic voltammograms of modified electrode in 889 Hg,2*
at different pH values were recorded (Fig. 4). Although, the
modified electrode showed electrocatalytic activity at pH 2—6,
higher peak current was observed at pH-g. 5 shows the
dependency between the voltammetric responses of the modi-

Fig. 3. Cyclic voltammograms of a modified BDD electrode in 0.1 M buffer
solution (pH 4) at scan rate 20 mVkin the absence (a) and presence .86 Fig. 4. Cyclic voltammograms of modified BDD electrode in 8,38 mer-
mercury solution (b); (c and d) as (a and b) for bare BDD electrode. cury(l) solution for pH values 2-6, scan rate 20 m\f's
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Fig. 5. Cyclic voltammograms of modified BDD electrode in pH 4 at scan rate 20th\Wth increasing the mercury(l) concentration 0.0, 1.65, 3.3, 4.95, 9.65
and 8.35.M mercury(l).Inset: Plot of the catalytic peak current vs. mercury concentration.

fied BDD electrode on the addition of mercury(l) concentration.[30]:
The anodic peak current increased by raising the concentration
of mercury(l) The catalytic current values are linearly relatedg, = + constant (6)
to Hgp?* concentration within the range of 1.65—8;88 (I 2log(v)
(A)=0.0967C(M) +0.9362 and? =0.9998). When the con-  According to this equation, the slopeff versus logs plotis
centration of mercury(l) is more than 4, the anodic peak p/2, whereb indicates the Tafel slope. The valuelofvhich was
currents start to decrease and the formation and depositicaund to be 84 mV in this experiment, suggesting a one electron
of calomel HgCl; (chloride diffuse from reference electrode transfer process in a rate limiting step, assuming a transfer coef-
to experimental solution) at electrode surface deactivate thficient of «=0.31. The catalytic rate constant for reacti@)
electrocatalytic properties of iridium oxide film for mercury(l) can be evaluated by cyclic voltammetry. Under the above condi-
oxidation. By recording the cyclic voltammograms of 883  tions for EC mechanism, the Andrieux and Saveant theoretical
mercury(l) solution at different scan rates (not shown), the peakhodel[31] can be used to calculate the catalytic rate constant.
currents for the anodic oxidation of mercury(l) were propor-Based on this theory, there is a relation between the peak current
tional to the square root of the scan rate. These results indicaggd the concentration of substrate compound for the case of low
that at sufficient posmve potential, the reaction is controlled byscan rates and large catalytic rate constant.
diffusion of Hg?*, which is the ideal case for quantitative appli-

1/2
cations. Itcan also be seen that by increasing the sweep rate, t;xe 0.496n FAD1/2< F> c 7)
peak potential for the catalytic oxidation of mercury(l) shifted to S
higher positive value, suggesting a kinetic limitation in the reac-
tion between the redox sites of iridium oxide andy,Ag Based
on these results the following catalytic scheme '(E€howed
that IrQ, catalysed mercury(l) oxidation in the following elec-
trochemical catalytic pathway:

whereD andCs are the diffusion coefficient (cfrs~1) and the
bulk concentration (molcm?) of substrate (Hgf*), respec-
tively, and other symbols have their usual meaning. Low value
of Kcat gave coefficients lower than 0.496. For low scan rates
(5-20mV s'1), the average value of this coefficient was found
to be 0.26 for a IrOx modified BDD electrode with a cov-
erage of 4.0 10-°molcm2 and a geometric area (A) of
0.25cnT? in 5uM mercury(l). TheD values for mercury(l)
Ir (oxidized form)+ Hg,?* =3Ir (reduced formy- 2H?* (5)  was calculated by chronoamperometric method and found to be
about 1.2« 10~°cm?s~1. According to Andrieux and Saveant
In order to obtain information on the rate determining stepapproach and usingig. 1in referencdg31] the average value of
a Tafel slope was determined by using the following equatiork., was calculated to be 7.6 (£0.£)10°M~1s~1. The high

Ir (reduced form)— Ir (oxidized form) 4)



A. Salimi et al. / Talanta 68 (2006) 1610-1616 1615

Fig. 6. Amperometric response at modified BDD electrode held at 0.4V in stirred buffer solution (pH 4) for successive addition qi¥AxOdb(B) 16 nM of
mercury(l). (C and D) Plots of chronoamperometric currents vs. mercury concentrations.

value of catalytic rate constants indicate that the IrOx can be usezbncentration deviates from linearity. The calibration plots for
as an excellent electron transfer mediator for electrooxidation ahe mercury oxidation currents were linear for a wide range

mercury(l). of concentration 5nM—-pM. Linear least squares calibration
curves over the range of 16-175nM (11 points) gave a linear

3.4. Amperometric measurements of Hg2** at modified dependence of current versus concentration of mercury which

BDD electrode fitted the equatiof(nA) = 0.0768uA uM 1 — 0.0239uA, sen-

- . sjtivity 77nApM~1 and a correlation coefficient of 0.9977.
The passivation of reactants decreases the repraducibility Glghe electrode has a detection limit of 3.2 nM at signal to noise
determinations at concentrations studied for cyclic voltamme-

In additi he hvdrod . d . atio of 3. High stability of amperometric response during long
ry. na ftion, the hydro ynamic amperomgt.ry unaer St'rre.gperiod of time toward Hgf* oxidation is one of the advantages
conditions has a much higher current sensitivity than cycli

voltammetry. It was used to estimate the lower limit of detectionOf this modified electrode for amperometric detection of mer-
y - cury(l). The amperometric response of 838 mercury(l) was
of mercury(l) at IrOx modified BDD electrode. As shown above y() b P 134 y()

he iridi ide fil dified BDD el deh I drecorded over 15 min periods (Fig. 7). As showrFig. 7, the
theiri |u|m oxide |Im.mo med’ ed(?ctr.(l)_ € ashe>|<ce entan. urrentreduced about 10% in the first minute of the measurement
strongeectrpcata ytic properties and facl |tat§st € owpotenu nd then remained constant. For the evaluation of the repro-
amperometric measurement of $38. The applied potential for

. . o . . " ducibility a series of replicate addition of L was recorded
_Hg(l)detectlon atthis .mOd'f'ed electrode |s_relat|ve|y|ow, Wh'Ch not shown). The relative standard deviation for six replicate
is great advantage since the number of interferences in ele

ddition of mercury(l) was less than 5%. Therefore, the modi-

trochem!cal detect.|0n Increases exponephally with INCréasiNgqj electrode exhibits high sensitivity, stability at long period
the applied potential value. Various possible interferents Weret time, reproducibility and fast response to oxidation mercury

evaluateq by adding a specified concentration ofiptgrfering SUbaind it can be used as an amperometric detector for ultra trace
stances into phosp_hate electrolyte (pH 4) containing N5 aﬂeterminations of mercury(l).

of Hg(l). The experimental results showed that at least 50-fol

of Mn2*, Co?*, Ni2*, CrR*, Fe*, Cu™2, Hg?* and S have no

effect onthe amperometric responses of mercuryid).6shows

chronoamperograms recorded at stirred solution using constant

potential (0.45 V) at the modified electrode in phosphate buffer

solution with (pH 4) during successive addition of 16 nM and

0.5pM mercury(l). A well-defined response is observed even

for addition of 5nM mercury (not shown). The response time

measured in amperometric measurements was 1 s or less to 90%

of the full signal. As shown in the inset &ig. 6, the measured

currentincreases with increasing mercury concentration in solusig. 7. stability of the response of the modified BDD electrode in 8185
tion while for a high concentration, the plot bffersus mercury  mercury(l) solution, other condition as Fig. 6.
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